Olympic Dam is a supergiant Fe oxide Cu-U-Au-Ag ore deposit (~9 × 10 9 t) that is also enriched in rare earth elements (REEs) and fluorine (F). The immediate host to the ore is hydrothermal breccia within granite and volcanic rocks of a Mesoproterozoic silicic large igneous province. Analyses of melt inclusions in quartz phenocrysts in rhyolite show that the silicic magmas of this province were unusually rich in F (up to 1.3 wt%). Fluorite and other F-rich minerals that crystallized from these magmas provided a gigantic reservoir of F. As a result, the Olympic Dam ore-forming fluid was F-rich and had exceptional capacity to transport diverse elements. Further, we infer that hydrofluoric acid, the most corrosive acid known, contributed to hydrothermal breccia formation by dissolution that in turn increased permeability and accelerated the rate of fluid-rock interaction. It is no accident that the world's largest hydrothermal ore deposit occurs in an F-rich silicic large igneous province.
INTRODUCTION
The metal enrichment that characterizes hydrothermal ore deposits is generally attributed to precipitation of metal-rich minerals from hot, metal-bearing aqueous fluids (Seward and Barnes, 1997) . In many cases, questions relating to the fluid source, fluid composition, and the metal potential of the fluid remain unanswered. These questions are especially challenging for supergiant ore deposits, those in which the ore body exceeds 24 × 10 6 t of Cu or 1200 t of Au (Singer, 1995) .
Sources of both the fluids and the metals must be consistent with the setting, style, age, and size of the ore deposit. Because most metal solubilities in aqueous fluids are very low (<10 −4 ppm), unrealistically high fluid volumes and flow rates are inferred (Krauskopf, 1967) . However, the capacity of aque-ous fluids to transport and concentrate metals is greatly enhanced if OH − , Cl − , and HS − are present because these ligands readily combine with met-als to form aqueous complexes and thereby increase solubilities (Seward and Barnes, 1997; Wood and Samson, 1998) . Fluorine is also a powerful ligand for metal transport (Seward and Barnes, 1997; Wood and Samson, 1998) , being the most reactive and electronegative of all elements, but there are few settings where F is abundant and available to hydrothermal fluids (Aiuppa et al., 2009; Pyle and Mather, 2009 ).
The Olympic Dam ore deposit is famous for its supergiant size and spectacular array of elements present at concentrations (0.87 wt% Cu, 0.27 kg/t U 3 O 8 , 0.32 g/t Au, 1.50 g/t Ag) (BHP Billiton, 2010) well above the crustal average (Cu 158 times, U 92 times, Au 80 times, Ag 300 times) (cf. Wedepohl, 1995) . It contains in excess of 70 × 10 6 t of Cu alone. In addition, the combined La and Ce concentration in the ore is ~5000 ppm, so these REEs are hundreds of times more abundant than in average crust (a few tens of ppm; Wedepohl, 1995) . The immediate host to the ore is hydrothermal breccia within granitic and volcanic rocks of a Mesoproterozoic silicic large igneous province (SLIP) (Fig. 1) (Fan-ning et al., 1988; Reeve et al., 1990; Johnson and Cross, 1995; . The connection between this SLIP and Olympic Dam has not been adequately considered in studies of ore genesis (e.g., Reeve et al., 1990; Oreskes and Einaudi, 1990; Johnson and Cross, 1995; Haynes et al., 1995) . Here we show that this igneous province was unusually rich in F, using data from melt inclusions in quartz phenocrysts in rhyolite. We also show that much of the original F was fixed in rhyolite and granite by means of widespread crystallization of fluorite and other F-rich minerals.
We argue that this F-rich setting was crucial because any fluid involved in the Olympic Dam oreforming hydrothermal system would have been F-rich and capable of transporting metals and REEs on the scale required to create this supergiant.
OLYMPIC DAM Cu-U-Au-Ag DEPOSIT
The Olympic Dam ore deposit is hosted by hematite-rich breccias that are totally contained within the Roxby Downs Granite, a coarse-grained, equigranular granite mainly composed of alkali feldspar, plagioclase, and quartz, and minor amphibole and biotite (Reeve et al., 1990) . The princi-pal ore minerals are Cu sulfides and U oxides (Roberts and Hudson, 1983; Reeve et al., 1990 ) that occur as disseminated grains in the breccia. Most of the clasts in the hematite-rich breccia are granite, derived from the Roxby Downs Granite, but volcanic clasts are locally abundant. The hematite-rich breccia is immediately surrounded by a 1-2 km wide zone of brecciated Roxby Downs Granite. The brecciation at Olympic Dam was probably ini-tiated and focused on multiple faults, but is largely hydrothermal in origin (Reeve et al., 1990; Oreskes and Einaudi, 1990 ) and has affected a volume of rock on the order of 5 km 3 , making the Olympic Dam breccia complex one of the largest known hydrothermal breccia bodies (cf. Sillitoe, 1985) .
Fluorine at Olympic Dam
Olympic Dam is enriched in F (Roberts and Hudson, 1983; Reeve et al., 1990; Oreskes and Einaudi, 1990; Haynes et al., 1995) , and there is an intimate association between Cu sulfides and fluorite in the hematite-rich breccias. Fluorite is common, being present as disseminated crystals, crystal fragments, and in veins. Some 2.5 wt% of the ore mined consists of fluorite which means that the F content due to fluorite alone is ~10 8 t (22 times the crustal average of 550 ppm; Wedepohl, 1995; Pyle and Mather, 2009 ). In addition, the principal alteration minerals have high F content (chlorite ~0.4 wt%, sericite ~0.8 wt%, apatite ~5.3 wt%; Table DR1 in the GSA Data Repository 1 ). On a deposit scale, the hematite-rich breccias that contain high amounts of fluorite also have the highest abundance of Cu sulfides (Reeve et al., 1990) , and Cu sulfide and fluorite typically occur together ( Fig. 2A) (Oreskes and Einaudi, 1990) . The main REE-bearing minerals in the ore are bastnäsite, synchysite, and florencite, all of which contain F, and fluid inclusion analyses suggest the presence of F in the hydrothermal fluid Einaudi, 1990, 1992) .
GAWLER SILICIC LARGE IGNEOUS PROVINCE
The pluton that hosts Olympic Dam is part of the undeformed, unmetamorphosed Mesoproterozoic Gawler SLIP, comprising granitoid intrusions (Hiltaba Suite) and subaerial volcanic rocks (Gawler Range Volcanics) (Flint, 1993; Allen et al., 2008) (Fig. 1 ). In the Olympic Dam area, the Gawler SLIP units are unconformably covered by younger sedi-mentary formations, but they are well exposed ~200 km to the southwest. About two-thirds of the Gawler SLIP is volcanic, and the volcanic units are predominantly silicic (90% rhyolite and dacite; Allen et al., 2008) . The succession is remarkable for the volume of rhyolitic and dacitic lavas produced throughout its history. More than ten lavas have volumes in the range 10-50 km 3 , and at least three lavas have volumes in excess of 500 km 3 (Garner and McPhie, 1999; Allen and McPhie, 2002; Allen et al., 2003 Allen et al., , 2008 . Radiometric ages for the preserved volcanic units suggest that volcanism lasted only 1-2 m.y. at ca. 1592 Ma (Fanning et al., 1988) . The granitoid intrusions of the Hiltaba Suite are also predominantly silicic (granite, quartz monzonite); their ages (ca. 1598-1583 Ma) (Creaser and Cooper, 1993; Flint, 1993 ) span a longer interval than the volcanic rocks.
Fluorine Content of the Gawler SLIP Magmas
We have discovered that the Gawler SLIP magmas were especially F-rich. Melt inclusions in quartz phenocrysts in rhyolites in the Gawler Range Volcanics have major and trace element compositions representa-tive of volcanic and intrusive rocks in the province (Fig. 3) . Thus, the F content measured in melt inclusions records magmatic F abundance and ranges up to 1.3 wt% ( Fig.   3B ; Table DR2 ), far in excess of the aver-age abundance of F in the upper crust (~0.05 wt%; Wedepohl, 1995; Pyle and Mather, 2009) . The large magma volume estimated for the Gawler SLIP (~90,000 km 3 ; McPhie et al., 2008) implies that the F initially pres-ent amounted to some 10 12 t. The F content of the silicic magmas was so high that fluorite crystallized in the melt inclusions as a daughter phase (Fig. 2B) , and is present as inclusions in quartz phenocrysts (Fig. 2C) . F-bearing magmatic minerals (e.g., topaz, bastnäsite, biotite ~3.7 wt% F, amphibole 2.0 wt% F, sphene ~2 wt% F; Table DR1 ), and more impor-tantly, magmatic fluorite in volcanic rocks and intrusions (Figs. 2C and 2D), indicate that the magmas were saturated in F at the time of crystal-lization. The presence of fluorite in vesicles and micromiarolitic cavities in the rhyolitic lavas, and in miarolitic cavities and interstitial sites in gran-ites, implies that some F was exsolved into a late magmatic-hydrothermal fluid phase (Agangi et al., 2010) . We infer that the high F concentrations were responsible for the largevolume silicic volcanic units in the Gawler SLIP being lavas rather than ignimbrites because F has the effect of lower-ing melt viscosity (Giordano et al., 2004 ), which in turn favors an effusive (rather than explosive) eruption style.
DISCUSSION
The high abundance of fluorite at Olympic Dam has long been recog-nized (Roberts and Hudson, 1983) . However, the source of F has hitherto been unresolved. We propose that the F in There is a further point of significance to the elevated F in the Olympic Dam hydrothermal system. The hydrothermal breccia that hosts Olympic Dam contains abundant angular and splinter-shaped clasts that are readily explained by conventional hydrothermal fragmentation processes such as brittle fracture in response to fluid overpressure (Sillitoe, 1985) . However, there is also a large population of clasts with distinctive irregular and amoe-boid shapes (Fig. 4) . These shapes are exhibited by hydrothermally altered clasts of both volcanic rock types (Fig. 4A) and granite (Fig. 4B) . Such shapes are best accounted for by dissolution of volcanic and granitic wall rock. Given the F-rich character of the Olympic Dam hydrothermal sys-tem, we infer that hydrofluoric acid (HF) was responsible. This acid is one of the most corrosive known and is used routinely to dissolve silicate rocks in geochemical analyses.
All igneous wall rocks (the Roxby Downs Gran-ite pluton, the local GRV lavas) were already solid when the breccia com-plex formed, and incapable of directly outgassing F. Alternatively, there are a number of 
CONCLUSIONS
We conclude that the supergiant Olympic Dam ore deposit is a predictable product of its setting within an F-rich SLIP. The preponderance of large-volume silicic lavas in this province is another consequence of the high-F character of the silicic magmas. The huge amount of F contained by this SLIP meant the Olympic Dam hydrothermal system, and others in the region, had to be F-rich. 
